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Aim To investigate the attenuating effect of sirtuin 6 (SIRT6) on hypoxia-induced production of chemokine (C-C motif) ligand 2 (CCL2) by osteoblasts and the relevance of this action on the pathogenesis of periapical lesions. Methodology Sirtuin 6 was overexpressed in MC3T3-E1 murine osteoblasts by lentivirus-mediated gene transfer. The relationship between the antiglycolytic/antioxidative activities of SIRT6 and its effect on hypoxia-induced CCL2 production were examined. Pathogenetic relevance of the actions of SIRT6 was assessed in a rat model of induced apical periodontitis. The data were analysed statistically using Student's t-test or one-way analysis of variance (ANOVA) and then a Tukey's multiple comparison test. Results In cultured murine osteoblasts, 24-h hypoxic treatment significantly enhanced the generation of reactive oxygen species (P = 0.003), expression of lactate dehydrogenase A (LDHA) and production of lactate (P = 0.007). A reciprocal effect between hypoxia-induced redox imbalance and hypoxiaenhanced glycolysis was noted which in turn augmented the secretion of CCL2. Through its antiglycolytic and antioxidative effects, SIRT6 blocked the vicious cycle to suppress CCL2 production. In normal periapical tissues of rats, strong expression of SIRT6 and low levels of LDHA and 8-OHdG (a marker of oxidative DNA damage) were found in osteoblasts. In induced apical periodontitis, osteoblastic expression of SIRT6 was significantly suppressed (P = 0.001) which was associated with significantly elevated levels of LDHA (P = 0.003) and 8-OHdG (P = 0.004) and sig
Introduction
Apical periodontitis primarily results from bacterial infection of the dental pulp. Outflow of bacteria and their products through the apical foramen induces inflammatory reactions in periapical tissue and ultimately induces bone destruction (Torabinejad et al. 1985) . Osteoclasts are the major cell type responsible for inflammatory bone resorption, and its precursors are mononuclear cells of the monocyte/ macrophage lineage (Teitelbaum 2000) . Chemokine (C-C motif) ligand 2 (CCL2), also known as monocyte chemoattractant protein (MCP) 1, is a major chemoattractant of monocyte both in vitro (Oppenheim et al. 1991) and in vivo (Volejnikova et al. 1997) . In an animal model of bone inflammation, osteoblasts have been demonstrated as the major source of CCL2 (Rahimi et al. 1995) and many proinflammatory cytokines have been shown to upregulate CCL2 production by human osteoblasts (Williams et al. 1992 , Zhu et al. 1994 .
Inflammation is a complex biological reaction to harmful stimuli, such as bacteria pathogens or injured tissues. Inflammatory lesions are usually hypoxic due to vascular damage, intensive metabolic demands of bacteria and other pathogens, and large numbers of infiltrating cells in the inflammatory environment (Imtiyaz & Simon 2010) . Many of the cellular responses to hypoxia are known to be mediated by the production of reactive oxygen species (ROS) (Hamanaka & Chandel 2009 ). An early study showed that periapical granulomas have an increased level of lipid peroxidation end product and a diminished activity of glutathione peroxidase. Therefore, it was hypothesized that ROS may contribute to tissue injury and bone loss in apical periodontitis (Marton et al. 1993) . Nevertheless, the definite roles of hypoxic stress and ROS in the induction of apical periodontitis are not well studied.
During their adaptation to hypoxia, most cells employ glycolysis as the primary pathway for ATP generation (Semenza 2007) . In the process of glycolysis, glucose is metabolized to pyruvate and pyruvate is finally converted to lactate by the enzyme lactate dehydrogenase A (LDHA). In the conventional view, lactate accumulation resulting from hypoxiaenhanced glycolysis has been considered as a secondary phenomenon in chronic inflammation. More recently, studies began to unravel the signalling role of lactate in cellular physiology (Samuvel et al. 2009 , Park et al. 2015 . However, the exact function of lactate in the pathogenesis of chronic inflammation remains uncertain.
Sirtuin 6 (SIRT6) is a NAD + -dependent protein deacetylase able to regulate inflammatory reactions (Lappas 2012 , Xiao et al. 2012 , Lee et al. 2013 . A recent study revealed that the development of apical periodontitis is associated with decreased expression of SIRT6 (Kok et al. 2015) . Therefore, SIRT6 may be capable of modulating the pathogenesis of apical periodontitis, but the mechanisms of its action are not fully understood. As SIRT6 has been reported to participate in the modulation of glucose metabolism and cellular redox status (Maksin-Matveev et al. 2015) , it is important to determine whether these actions are involved in the regulation of disease activity of periapical lesions. In this study, it was hypothesized that SIRT6 may participate in the regulation of CCL2 synthesis in apical periodontitis through modulating glucose metabolism and/or redox homoeostasis. The effect of SIRT6 on hypoxia-induced CCL2 production in osteoblasts was examined, and the relation between CCL2-modulating action of SIRT6 and its inhibitory effects on glycolysis and ROS generation was assessed. In a murine model of apical periodontitis, osteoblastic expression of SIRT6 and its correlation with macrophage recruitment, LDHA expression and formation of oxidative lesions were analysed.
Materials and methods

Cell culture
MC3T3-E1 murine osteoblasts were used in the experiments and plated at a density of 5 9 10 5 cells/mL on 10-cm plates. 
Overexpression of SIRT6
Sirtuin 6 was overexpressed in MC3T3-E1 cells using a lentiviral vector system (Lenti-X; Clontech Laboratories, Mountain View, CA, USA). SIRT6 cDNA from pCMV-SPORT6-SIRT6 (Open Biosystems; GE Healthcare, CO, USA) was amplified and ligated to pLVXAcGFP-N1 (Clontech). Lentiviruses were formed by cotransfecting 293T cells with pLVX-AcGFP-N1-SIRT6
(or empty vector) and Lenti-X HTX packaging mixes (Clontech) . Culture supernatants at 48 h were poured through a 0.45-lm filter and added to MC3T3-E1 in the presence of polybrene. Transduction efficiency was assessed at 24 h by the detection of green fluorescent protein under flow cytometry. Puromycin was used for the selection of stable transductants.
Western blot analysis
Expression of LDHA was examined by Western blotting as previously described (Lin et al. 2013) , and three independent experiments were performed for each condition. 
Measurement of lactate
Culture media were collected, and lactate concentrations were measured using Lactate Colorimetric Assay Kit II (Biovision, Milpitas, CA, USA). The culture supernatants were mixed with lactate reaction mix solution and incubated at room temperature for 30 min, followed by measuring the absorbance at 570-nm wavelength. The lactate standard curve was prepared, and lactate concentrations of test samples were calculated accordingly. Three independent experiments were performed for each condition.
Measurement of mitochondrial ROS
Increased fluorescence of MitoSOX TM Red was used as an assay for reactive oxygen. After various treatments, cells were washed with PBS and incubated with 5 lmol L À1 MitoSOX Red for 30 min at 37°C.
Cells were then centrifuged and washed free of excessive dye, resuspended in PBS and excited/emitted at 510/580 nm using SpectraMax M2e fluorescence spectrophotometer (Molecular Devices Corporation, Sunnyvale, CA, USA). Three independent experiments were performed for each condition, and data revealed the mean increase in fluorescence AESD relative to control (nonstimulated) cells.
Measurement of CCL2
The amounts of CCL2 in culture media were measured using mouse CCL2 ELISA kit (Bender MedSystems, Vienna, Austria). The culture supernatant mixed with assay buffer was added to anti-CCL2 antibody-coated wells. HRP-conjugated anti-CCL2 antibody was added and incubated at 37°C for 2 h, and tetramethylbenzidine colorimetric solution was then added for another 10 min. The samples were read at measurement/reference wavelengths of 450/620 nm. Three independent experiments were performed for each condition.
Cell migration assay
J774 cells were seeded into the upper chambers (2 9 10 5 ) of transwells with 3-lm pore filter (Fisher Scientific, Loughborough, UK). Conditioned media of cell cultures were added to the lower chambers. After incubation at 37°C for 4 h, cells migrated through the membrane in the lower chambers were observed and counted under microscope at 1009. Three independent experiments were performed for each condition.
Induction of apical periodontitis
A murine model of induced apical periodontitis was used , Lin et al. 2009 . The care and maintenance of animals were in accord with the Guide to Management and Use of Experimental Animals, National Science Council, Taiwan, and the study protocol was reviewed and approved by the Center of Laboratory Animal, College of Medicine, National Taiwan University. Ten 7 to 8-week-old Sprague Dawley rats were employed. The rats were anaesthetized by intraperitoneal sodium pentobarbital (3 mg/100 g body weight). The right mandibular first molar of each animal was drilled at the distal fossa with a size1/4 round bur to expose the pulp. The pulp chamber was left open to allow the establishment of infection and development of apical periodontitis. Intact left mandibular first molars were used as controls. The rats were euthanized 20 days after pulp exposure for further examination.
Assessment of lesion size
After euthanasia, the jaws were dissected and obtained for image analysis as described previously , Lin et al. 2009 . The Digora image analysis system (Soredex, Helsinki, Finland) was used. The radiolucent area around the distal root apex of mandibular first molars on each side was quantified in pixels. Data were expressed in square millimetres using the equation 1 mm 2 = 256 pixels.
Immunohistochemical study
The mandibles were fixed in 4% paraformaldehyde at 4°C for 48 h. Specimens were then decalcified in EDTA (14%, pH 7.1) for 14 days before paraffin embedding. After being counterstained with haematoxylin, the specimens were examined under a light microscope. Quantitative analysis was performed on 3 sections for each tooth. Areas with strongest osteolytic activity were selected and examined at 400X. The total numbers of osteoblasts and osteoblasts stained positive for SIRT6, LDHA and 8-OHdG were counted. CD68-positive macrophages were also counted.
Statistical analysis
Data of in vitro experiments were subjected to Student's t-test or one-way analysis of variance (ANOVA) and then a Tukey's multiple comparison test. The Student's t-test was used to compare the data of in vivo experiments between apical periodontitis and normal periapical tissues. P < 0.05 was considered statistically significant.
Results
Hypoxia increased glycolysis and ROS generation in osteoblasts
The effects of hypoxic stress on glycolytic activity and ROS generation of murine osteoblasts were examined. Western analysis showed that cells cultured under hypoxia had elevated expressions of LDHA (Fig. 1a ) which were coincident with enhanced release of lactate into the culture medium (Fig. 1b) . Compared to control cells (1.60 AE 0.40 nmol L
À1
, mean AE standard deviation), significant increase in lactate production was noted 24 h after hypoxic treatment (4.80 AE 1.60 nmol L
, P = 0.007) (Fig. 1b) . On the other hand, the fluorescent dye assay revealed that ROS generation was stimulated by hypoxia (Fig. 1c) . In contrast to untreated cells (intensity designated as 1), MitoSOX fluorescence increased significantly after 12 (2.49 AE 0.59, P = 0.022) and 24 h (3.00 AE 0.75, P = 0.003) culture under hypoxia (Fig. 1c) .
Reciprocal augmentation between glycolysis and ROS production
The possible connection between glycolysis and ROS production in osteoblasts was assessed. Treatment with exogenous lactate significantly raised ROS production (Fig. 1d) . MitoSOX fluorescence intensity significantly escalated after 12 (5.25 AE 1.79, P = 0.021) to 24 h (5.90 AE 2.25, P = 0.008) of 20 mmol L À1 lactate treatment, compared with control cells (intensity designated as 1) (Fig. 1d) . Cells stimulated with H 2 O 2 (300 lmol L
À1
) showed increased expression of LDHA (Fig. 1e) . The concentration of lactate in the culture medium significantly elevated from 1.35 AE 0.21 nmol L À1 (0 h) to 2.50 AE 0.45 and 3.58 AE 0.63 nmol L À1 , respectively, after 12 (P = 0.044) and 24 (P < 0.001) hours of H 2 O 2 treatment (Fig. 1f) . The data demonstrated that glycolysis and ROS generation can augment each other.
SIRT6 suppressed hypoxia-enhanced glycolysis and ROS generation
The influences of SIRT6 on glycolytic activity and ROS generation under hypoxia were evaluated. Hypoxia treatment enhanced LDHA expression of pLVX-transduced osteoblasts, and overexpression of SIRT6 suppressed hypoxia-enhanced LDHA expression (Fig. 2a) . (P = 0.007) (Fig. 2b) . SIRT6 also reduced hypoxiaaugmented ROS generation (Fig. 2c) . Under hypoxic condition, MitoSOX fluorescence intensity decreased from 5.00 AE 0.70 (pLVX-transduced cells) to 2.50 AE 0.51 after forced expression of SIRT6 (P = 0.007). It is noteworthy that the antiglycolytic activity of SIRT6 was counteracted by H 2 O 2 treatment, as shown by the restored expression of LDHA (Fig. 2a) and increased lactate release to culture medium (2.20 AE 0.30 nmol L À1 ) versus SIRT6-overexpressed cells without H 2 O 2 treatment (P = 0.024) (Fig. 2b) . Moreover, the antioxidative effect of SIRT6 was inverted by exogenous lactate. MitoSOX fluorescence intensity in SIRT6-overexpressed cells under hypoxia increased to 4.20 AE 0.72 after lactate treatment (P = 0.029) (Fig. 2c) . Antiglycolytic and antioxidative activities of SIRT6 contributed to the suppression of hypoxiaenhanced CCL2 synthesis ELISA demonstrated that hypoxia (Fig. 3a) , H 2 O 2 treatment (Fig. 3b ) and exogenous lactate (Fig. 3c) stimulated the synthesis of CCL2 by osteoblasts. The concentration of CCL2 in culture medium increased from 1.60 AE 0.40 ng mL À1 (0 h) to 4.80 AE 1.20 ng mL À1 after 24 h (P = 0.007) of incubation under hypoxia (Fig. 3a) . (24 h, P = 0.013) (Fig. 3c) . The effect of SIRT6 on CCL2 production (Fig. 3e) was then examined. Twenty-four hours of hypoxia treatment for pLVXtransduced osteoblasts escalated the CCL2 concentration from 1.55 AE 0.38 ng mL À1 (untreated cells) to 5.52 AE 1.13 ng mL
Hypoxia (h)
(
À1
(P = 0.003). Compared to pLVX-transduced cells, overexpression of SIRT6 suppressed hypoxia-enhanced CCL2 production (3.36 AE 0.75, P = 0.034) (Fig. 3e) . Synthesis of CCL2 was also decreased by knock-down of LDHA (3.75 AE 1.00 ng mL
, P = 0.049) or treatment with the antioxidant NAC (3.15 AE 0.50 ng mL
, P = 0.018) in pLVX-transduced cells under hypoxia (Fig. 3e) . However, in hypoxia-treated SIRT6-overexpressed cells, LDHA knock-down (3.63 AE 0.63 ng mL
, P = 0.702) and NAC (2.81 AE 0.38 ng mL
, P = 0.289) treatment had no significant additive effect on CCL2 synthesis (Fig. 3e) . The data indicated that antiglycolytic and antioxidative activities of SIRT6 contributed to its suppressive effect on CCL2 production.
SIRT6 attenuated hypoxia-induced migration of macrophages
To verify the effect of hypoxia on osteoblastic induction of macrophage recruitment, transwell cell migration assay was performed (Fig. 4) . Results showed that the relative migration level of J774 cells stimulated by conditioned medium of hypoxic osteoblasts enhanced from 1 (control medium) to 7.18 AE 1.70 (P = 0.003) (Fig. 4b) . Overexpression of SIRT6 in osteoblasts significantly diminished the stimulatory effect of hypoxic stress (3.70 AE 0.75, P = 0.022) (Fig. 4b) . Interestingly, exogenous lactate (5.36 AE 0.96, P = 0.049) or treatment with H 2 O 2 (5.95 AE 1.25, P = 0.049) reversed the suppressive effect of SIRT6 on the induction of cell migration (Fig. 4b) .
SIRT6 expression was suppressed in osteoblasts in apical periodontitis
Apical periodontitis was successfully induced in 10 Sprague Dawley rats by pulp exposure of the right mandibular first molars (Fig. 5) . Twenty days after pulp exposure, image analysis revealed that the average size of periapical radiolucencies were 0.81 AE 0.15 mm 2 around the distal root apices of right mandibular first molars, which was significantly larger than that of the control root apices of left mandibular first molars (0.18 AE 0.04 mm 2 ,
Relative macrophage migration level P < 0.001) (Fig. 5b) . Histopathological examination revealed that teeth with exposed pulps had periapical inflammation, as evidenced by infiltration of inflammatory cells, vessel dilatation and increased osteoclastic activity creating irregular bone resorption (Fig. 6b) . Compared to normal periapical tissues of the left mandibular first molars (Fig. 6c ) in which 27.5% AE 4.2% (mean AE standard deviation) of osteoblasts or osteocytes stained positive for SIRT6, the apical periodontitis lesions (Fig. 6d) had significantly diminished the expression of SIRT6 in osteoblasts (7.2% AE 1.3%; P = 0.001).
Osteoblasts in apical periodontitis had higher amounts of oxidative lesions and LDHA
In addition to decreased expression of SIRT6, osteoblasts in apical periodontitis had prominent staining for 8-OHdG (60.1% AE 10.5%; Fig. 6f ), which was significantly higher than that of normal periapical tissues (5.0% AE 0.8%; P = 0.004; Fig. 6e ). Compared to normal tissues, expression of LDHA was also increased in osteoblasts of apical periodontitis (4.3% AE 0.6% vs. 18.3% AE 3.6%; P = 0.003; Fig. 6g,h ). In conjunction with elevated levels of oxidative lesions and glycolysis marker in osteoblasts, the number of 
Discussion
Apical periodontitis is an inflammatory disease mostly caused by persistent microbial infection in the root canal system. Consequently, most research on periapical lesions has focused on the microbial effect on the mediation of inflammation (Baumgartner et al. 2008) . However, it is essential to evaluate the reactions of resident cells to the lesion environment as such responses may play important roles in the progression of apical periodontitis. In the present study, hypoxic stress initiated a vicious cycle of redox imbalance and enhanced glycolysis in osteoblasts which in turn augmented the secretion of CCL2 and contributed to periapical bone resorption. Through its antiglycolytic and antioxidative effects, SIRT6 is capable of breaking the vicious cycle. The findings suggested that enhancement of SIRT6 activity is beneficial for alleviation of the progress of apical periodontitis. Inflammatory lesions are usually in a status of hypoxia because of imbalance between metabolic supply and demand, particularly for oxygen (Eltzschig & Carmeliet 2011) . However, the links between hypoxia and the mediation of inflammatory process are less well appreciated (Konisti et al. 2012) . Previous studies demonstrated that mitochondrial respiration is altered under hypoxia, resulting in augmented generation of ROS (Hu et al. 2010 ) and enhanced production of lactate from anaerobic glycolysis (Semenza 2007 have been demonstrated to stimulate CCL2 expression, it is possible that lactate upregulates CCL2 through modulation of these pathways. Sirtuin 6 is a protein deacetylase crucial for genomic stability (Mostoslavsky et al. 2006 ) and telomere integrity (Michishita et al.2008 ). More recently, SIRT6 has been implicated in the modulation of inflammatory responses (Lappas 2012 , Xiao et al. 2012 , Lee et al. 2013 . Although Kawahara et al. (2009) proposed that SIRT6 might regulate inflammation via attenuation of NF-jB signalling, Grimley et al. (2012) reported that forced expression of SIRT6 in mammalian cells had little effect on NF-jB target genes. Therefore, the underlying mechanisms of SIRT6's anti-inflammatory effects remain uncertain. In a recent study, it was shown that SIRT6 may alleviate periapical lesions by suppressing hypoxiainduced apoptosis of osteoblasts (Kok et al. 2015) . However, other actions of SIRT6 may contribute to its therapeutic effect as well. In the present study, antiglycolytic and antioxidative activities of SIRT6 were also responsible for its protective action against inflammation. By inhibition of anaerobic glycolysis, SIRT6 reduced synthesis of the pro-inflammatory mediator lactate. The data suggest that regulation of glucose homoeostasis has a potential role in the management of chronic inflammatory diseases.
It has long been known that redox imbalance of tissues can lead to a pro-inflammatory state, but the signalling network involved in the initiation, maintenance and termination of redox stress-associated inflammation has not been fully elucidated (Gill et al. 2010 , Brune et al. 2013 . Recently, a protective role of SIRT6 against oxidative tissue damage has been discovered. Reports showed that SIRT6 counteracted oxidative stress by activating transcription regulators such as nuclear factor erythroid 2-related factor 2 (NRF2) (Pan et al. 2016) and forkhead box O3a (FoxO3a) (Wang et al. 2016) to upregulate antioxidant defence mechanisms. In the present study, SIRT6 suppressed ROS generation by inhibition of anaerobic glycolysis, representing a novel antioxidative effect of SIRT6. Certainly, the beneficial effects of SIRT6 in the maintenance of redox homoeostasis deserve further investigations.
The in vivo relevance of SIRT6 in the pathogenesis of chronic periapical inflammation was demonstrated in the murine model of apical periodontitis. Strong expression of SIRT6 and low levels of LDHA and 8-OHdG were found in osteoblasts in normal periapical tissues. As apical periodontitis progressed, osteoblastic expression of SIRT6 was suppressed which was associated with upregulation of the glycolytic enzyme, an increase in oxidative lesions and enhanced recruitment of macrophages. In agreement with the present observation, Zhong & Mostoslavsky (2010) hypothesized that SIRT6 becomes inactivated under nutrient stress conditions such as hypoxia or low glucose, allowing activation of HIF-1a and increased expression of glycolytic genes, which result in anaerobic glycolysis. However, the exact mechanisms mediating the downregulation of SIRT6 in chronic inflammation are not known. Elucidation of the signalling pathways leading to SIRT6 suppression and exploring methods to augment SIRT6 activity under hypoxic stress may shed light on new therapeutic strategies for chronic inflammatory diseases.
Conclusions
Hypoxic stress associated with apical periodontitis initiates a vicious cycle of redox imbalance and enhanced glycolysis which helps to perpetuate the inflammatory state and induce bone resorption. By inhibition of glycolysis and ROS generation, SIRT6 was capable of restoring cellular homoeostasis of the redox system and glucose metabolism. The data suggest that enhancement of SIRT6 may have a beneficial effect on the prognosis of apical periodontitis.
